1 Study design: Cross-sectional. 2 Objectives: To determine if quadriceps atrophy was present in people with patellofemoral 3 pain (PFP), and whether vastus medialis oblique (VMO) was selectively involved.
INTRODUCTION
Patellofemoral pain (PFP) is a common source of knee pain in active adolescents 28 and 30 adults, 15 particularly those involved in running and jumping activities. 6, 8, 24 Exercises that 31 aim to selectively improve the strength or contraction timing of vastus medialis oblique 32 (VMO) relative to vastus lateralis (VL) are common used in PFP rehabilitation. 13, 31 These 33 exercises are typically provided under the assumption that there is dysfunction of the VMO, 34 presenting as selective weakness, atrophy, or inhibition. 2 It is not clear if these exercises are 35 appropriate in PFP rehabilitation, as there is no consensus on whether VMO dysfunction is 36 present in individuals with PFP, and how to assess this potential dysfunction. 37 Parameters suggestive of muscle force production may be assessed with measures of muscle 38 strength, activation (electromyography), or size. It is impossible to investigate whether 39 selective dysfunction of VMO relative to VL exists in people with PFP using strength 40 measurements as the force contribution of the individual quadriceps heads cannot be 41 measured in vivo. Electromyography has been used in research and clinical practice to assess 42 for delayed activation of VMO in individuals with PFP. However, there are inconsistent 43 results from these studies as to whether VMO activation is delayed, 4 and it is difficult for 44 clinicians to discern what constitutes a clinically relevant delay in VMO contraction. 17
45
Quadriceps muscle thickness (a parameter of muscle size) has been strongly correlated to 46 quadriceps maximum voluntary contraction, 30 which suggests that muscle thickness is 47 indicative of muscle force. The measurement and comparison of muscle size between 48 individual portions of the quadriceps muscles may be a valid alternative to distinguishing 49 between selective VMO dysfunction and whole quadriceps dysfunction.
Data on demographics and factors that could be associated with quadriceps muscle size were 99 obtained for all participants. These data included age, gender, height, weight, body mass 100 index (BMI), thigh girth, limb dominance, and activity level (Marx scale) . 23 In the PFP 101 group, symptom duration, symptom severity measured on a 0-10 visual analog scale, 10 and 102 the self-reported Kujala scale for anterior knee pain 21 were also recorded (TABLE 1) .
103

Procedures
104
Ultrasound assessment of both quadriceps was performed on all consenting participants. To 105 determine the location to perform ultrasound measurements of the individual portions of the 106 quadriceps muscle, an anthropometric tape measure was used to measure the distance from 107 the superior tip of the patella to the anterior superior iliac spine (ASIS). The thickness of the 108 VM was measured at 20% of this distance, thickness of the VI, VL, and RF at 50% of this 109 distance, and thickness of the VMO at 2 cm above the patella. These locations were based on Smaller total quadriceps muscle thickness (greater than 8.5% deficit) was found in the 190 symptomatic limb of 10 (45%) of the 22 participants with unilateral symptoms, when 191 compared to the asymptomatic limb.
192
Between groups comparisons 193 The muscle thickness of the VMO, VM, VL, VI, and RF in the limb of those with PFP was 194 not significantly different to the thickness of the same muscles of the matched limb of those 195 in the control group (TABLE 3) . Similarly, the ratio in muscle thickness of VMO relative to 196 VL and of VM relative to VL was no different between PFP and control limbs. was a lack of data on whether the atrophy was present throughout the quadriceps or isolated 210 to a specific section of the quadriceps (eg, the VMO). To our knowledge, this current study is 211 It is impossible from these data to determine if smaller quadriceps size is a predisposing 236 factor to PFP, or if it occurs after the onset of pain. Lesser quadriceps strength has been 237 identified as a risk factor for PFP, 22 and it is reasonable to expect that lesser strength is 238 associated with smaller quadriceps size. Exercises targeting VMO are typically prescribed on the premise that there is selective 248 dysfunction of VMO relative to VL. 9 The results from the current study, combined with 249 results from previous research, 27 suggest that there is no difference in the size of VMO 250 relative to VL in individuals with PFP. This, combined with a systematic review that did not 251 identify a significant delay in VMO contraction in individuals with PFP, 4 questions the 252 justification of selective VMO dysfunction and attempts to selectively activate VMO in PFP 253 rehabilitation. It is also unclear that any exercises can preferentially activate and strengthen measurements can be performed relatively quickly with ultrasound, and it is feasible for 260 clinicians to use these measurements in clinical assessment. However, it is difficult for 261 clinicians to assess for quadriceps atrophy in people with bilateral symptoms. The data from 262 unilateral PFP suggest that quadriceps atrophy is common in people with PFP (45% of our 263 participants), and when extrapolating these data to those with bilateral symptoms, the high 264 likelihood that quadriceps atrophy is present should be taken into consideration when 265 deciding if quadriceps strengthening exercises are appropriate. **Sum of all 5 sections of the quadriceps.
